Abstract: Rapid urbanization and industrialization in Chinese cities have substantially elevated carbon emissions, and transportation plays a major role in these emissions. Due to data availability, research on the impact of both high-speed rail (HSR) and other urban transportation modes on urban carbon emissions is rare. Using a relatively large panel of 194 Chinese cities from 2008-2013, we examine the impact of HSR, conventional rail, bus, roads, and subways on urban carbon emissions. We further document the interaction of these transport modes with geo-economic variables, and more accurately measure HSR's impact on emissions using a comprehensive accessibility metric. During this time, China developed, constructed and began to operate an extensive HSR network. Our results show that increases in HSR lead to rises in carbon emissions, emissions per GDP unit and per capita. We also find that transportation's impact on carbon emissions differs by city size and region, and transportation modes significantly interact with GDP, population and urban area to affect carbon emissions. These interactions imply that the government's promotion of HSR over conventional rail may have unintended consequences and boost urban carbon emissions.
Introduction
Rapid urbanization and economic growth have led to accelerating transport growth and substantial accompanying carbon emissions in China. Carbon emission reduction or carbon footprint downsizing are increasingly viewed as critical in promoting health benefits and environmentally-friendly cities [1, 2] . China is the world's largest emitter of carbon dioxide and accounts for 27% of global emissions, and its transportation sector accounts for 12.7% of its total energy consumption [3] . From 2005 to 2013, rapidly rising GDP and industrialization in China contributed to steadily increasing carbon emissions. Over the past decade, China has also devoted considerable resources to develop the world's largest high-speed rail (HSR) network, along with substantial expenses to advance roads and metro infrastructure. Infrastructure spending has however spurred the urbanization and motorization that contributes to rising carbon emissions and mortality problems including acute bronchitis [1] . Although the government has a long-term strategic plan to substantially reduce the urban carbon footprint by 2020 [4] , this goal will be difficult to achieve given rising economic and transportation activity [5] . Thus, it is relevant for the government to quantify, appraise and implement strategies to address its urban carbon footprint concerns [6] . Critical to these plans are modeling and evaluating transportation's impact on carbon emissions, carbon emissions per GDP and emissions per capita.
Most of the carbon footprint literature [7, 8] focuses on two areas. One area examines the measurement of the carbon footprint, including but not limited to overall carbon emissions [9] , carbon 3 HSR can have significant CO 2 emission reduction effects, with less than 1/3 of that of highways, and the reduction effect can be greater if HSR replaces short-haul civil aviation passenger demand.
[ [25] [26] [27] 4
The contribution of HSR to greenhouse gas emissions should consider both passenger and freight markets and be based on life-cycle evaluations. [28] [29] [30] [31] 5 HSR maybe more energy efficient than conventional railways, let alone civil aviation or highways due to economies of scale. [32] 6 Most studies focus on HSR carbon emission measurement or case studies, while research on HSR's carbon emissions in cities is limited. [33, 34] HSR development began initially in Japan with a maximum operational speed of 210 kph in 1964 [35] . In China, it began in 2008, and rapid construction led to a network length by 2017 that reached over 25,000 kilometers [36] covering 180 prefectural cities [37] . The network is projected to cover 30,000 kilometers by 2025 and 38,000 kilometers by 3030 [38] . Over the next several years, it is projected that over 80% of China's major cities will be connected by the HSR network [39] . Table 2 provides additional details on HSR development in including the number of HSR lines, its rail length, passenger volume, percentage of total rail passengers and key accounting performance metrics. Data Source: [40] [41] [42] . Prefectural cities are the administrative centers for the regions under provincial administration.
The remainder of the paper is organized as follows: Section 2 discusses the conceptual framework, accompanying hypotheses and model, Section 3 presents the results and Section 4 concludes.
Conceptual Framework, Hypotheses and Model

Background and Conceptual Analytic Framework
Most work on transportation's impact on carbon emissions in China generally focuses on the emissions contribution of different modes as well as policies to reduce their footprint [43, 44] . There is a broad consensus that highway and civil aviation are the leading sources of CO 2 transportation emissions in China, while more environmentally-friendly rail and water transportation modes have lower emission intensity [45] . The literature finds the transportation's carbon footprint differs regionally [46, 47] ; further, relevant factors that influence urban carbon emissions are travel distance, car usage, travel frequency, urban size and specific transportation modes available in the city [48] . Urban municipalities have devoted considerable resources to urban transportation development in recent decades. In 2016, there were over 530 thousand public bus numbers, and an urban rail transit system that exceeds 3728 kilometers. Further, more than 5000 kilometers of urban rail lines were under construction by the end of 2017 [49, 50] . It has been widely recognized that urban public transportation modes, including bus and metro systems, can reduce carbon emissions [51, 52] , while growing motorization and traffic turnovers generally offset their effect. Other research shows the rapid rise in car use will continue until an inflection point in 2030, and imply increasing emissions of carbon in cities and the need for more roads to curb congestion and accompanying pollution [53] .
The impacts of HSR and urban transport on the carbon footprint can be classified into transportation and non-transportation effects. In terms of the transportation effect, HSR can directly replace short air routes; this reduces carbon emissions, since rail emits less greenhouse gas per travel unit (e.g., passenger kilometer or ton kilometer) [27] . The same rationale applies to road transport [25] and urban transport such as metros [54, 55] . For instance, research finds that encouraging public transport and restricting car use reduces the overall energy consumption of China's transportation industry by 21% and contributes to lower carbon emissions [56] . If cities increase the market share of their public transit system by replacing cars or other high-carbon emission transport modes, they reduce their carbon footprint. However, if HSR or the public transit system in cities induce more travel demand through a substitution effect to high-carbon emission transport modes emissions, the net carbon footprint is ambiguous [57, 58] .
In terms of the non-transportation effects, HSR and other urban transport interacting with urban economic variables such as GDP, population or urban area size can affect urban carbon emission levels through synergizing these economic driving forces. Increases in these synergies (such as greater accessibility leading to lower travel times contributing to rises in commerce and trade that then lifts migration to suburbs) may lead to countervailing effects: (1) An industry effect may occur where carbon emission reductions outweigh an emission rebound effect. The industry effect refers to greenhouse gas emission reductions, where industry structure develops toward less carbon consuming activities. This occurs as upgrading industries toward a tertiary structure induces less energy and discharges less carbon emissions than heavy manufacturing. (2) An interaction effect may also occur when transportation development reinforces socio-economic development through interactions with GDP or the population, inducing more economic activities, and carbon consumption [59, 60] . We illustrate these relationships in Figure 1 . Figure 1 . An analytical explanatory framework of HSR and urban transport on carbon emissions.
Fundamental Hypotheses
To examine the interrelationship between transport factors and urban carbon footprint, we use a panel econometric framework to analyze the interrelationships among HSR, urban transport and other social-economic factors. Before we test our econometric model, we discuss theoretical interconnections between HSR, urban transportation and urban carbon emission as well as present several fundamental hypotheses.
Although HSR can potentially reduce carbon emission through a substitution effect [24, 28] , it may also have positive consequences on carbon emissions by facilitating face-to-face communication and interaction [61] and improving the accessibility and connectivity [62, 63] of cities along the HSR route. This economic benefit attracts production factors to cluster and facilitate population and economic agglomeration. Further, HSR may expand urban integration for small and medium-sized Figure 1 illustrates that the relationship between carbon emissions, HSR and other urban public transport including rail, road, buses and metros, is complicated. Our fundamental hypotheses are that: (1) More accessible public transport created by decreasing travel time (by HSR) or increasing the numbers of rail and buses may increase carbon emissions by inducing more travel demand. (2) Higher accessibility can, through industrial upgrading or interacting with the GDP or population, boost economic activities and expand urbanization, lifting carbon emissions. In our paper, we focus on urban emissions rather than total emissions because of data availability, which is a limitation of our research; yet, at the same time, a focus on urban emissions is both relevant and important to evaluate the effects of city public transport on the urban environment.
Although HSR can potentially reduce carbon emission through a substitution effect [24, 28] , it may also have positive consequences on carbon emissions by facilitating face-to-face communication and interaction [61] and improving the accessibility and connectivity [62, 63] of cities along the HSR route. This economic benefit attracts production factors to cluster and facilitate population and economic agglomeration. Further, HSR may expand urban integration for small and medium-sized cities, and promote economic growth, urban expansion, land usage, energy consumption and accompanying carbon emissions [64] . Hence, the constructed hypotheses for HSR are: H 1 : HSR significantly affects urban carbon emissions.
Note that HSR not only affects urban size but also drives urban industrial restructuring [65] . Big cities tend to obtain favorable land usage policies from government administrations, attract more net inflow population than small-and medium-sized ones [66, 67] , and enjoy comparably higher economic growth rates [68] . Therefore, big cities, especially those located along the more developed coast, are still experiencing service-oriented industrial restructuring, high economic growth, and correspondingly outsized energy consumption. However, industrial structure upgrading for big cities accelerates the spatial relocation of high-energy consumption heavy industries away from these cities to small-and medium-sized ones. Thus, it is uncertain whether HSR will increase carbon emissions for big cities in China. Hence, the constructed hypotheses for HSR are: H 2a : HSR leads to an overall increase in carbon emissions for all cities.
H 2b : HSR has a greater impact on big cities' carbon emissions than on small-to medium-sized ones.
H 2c : HSR has a relatively large effect on eastern Chinese cities.
HSR's impact on carbon emissions may also be synergistic through interacting with other socio-economic factors, since HSR is regarded as a convenient transportation facility to attract production factors such as people, capital and knowledge into cities. The migration then will positively affect the urban population, GDP and land usage area, which then in turn promote economic activities through agglomeration economies and induce higher energy consumption and carbon emissions [60, 68] . We test these interrelationships using interaction terms. Hence, the extended hypotheses for HSR are: H 3a : HSR interacts with the urban population and increases urban carbon emissions.
H 3b : HSR interacts with the urban GDP and increases urban carbon emissions.
H 3c : HSR interacts with urban land usage areas and increases carbon emissions.
The rationale for HSR's potentially conflicting consequences on carbon emissions can be applied to other modes of urban public transport. On the one hand, urban public transportation can replace private car usage, promote industrial structure upgrading and reduce urban carbon emissions [56, 69] . On the other hand, promoting urban public transportation may also have unintended consequences on the environment; e.g., increasing travel convenience can induce more travel demand, which then consumes more energy and emits greater greenhouse gases into the environment [54, 55] . Hence, the constructed hypotheses for urban public transportation are as follows: The urban public transport system is composed of roads, buses, and subways. Buses and subways are widely regarded as more efficient methods of green transportation than cars [70] . If urban roads give priority to their public transit system instead of car users, urban carbon emissions will decline. However, if car users benefit from a convenient road network and thus increase car ownership and usage, there will be more gas consumption and carbon emissions. Most work recognizes that public transport should be prioritized in cities to alleviate problems of air pollution, noise and high carbon emissions [71, 72] . Hence, the hypotheses for public transport are:
H 6a : The bus transit system decreases urban carbon emissions.
H 6b : The subway transit system decreases urban carbon emissions.
H 6c : Urban road expansion decreases urban carbon emissions.
Similar to HSR's impact on carbon emissions through interaction with the population, GDP and land usage, urban public transport can potentially boost urban emissions through reinforcing interactions with these variables [73] . Spatial planning guidelines affect the layout of cities, which through its interaction with public transportation influences urban mobility, energy consumption and greenhouse gas emissions. A public transit system can help foster compact and high-density development in a city that limits carbon emissions. However, availability of public transport may also encourage sprawling development which induces unintended carbon emissions. For instance, the availability of more bus lines makes it easier for people to live further away from the city center. This may deteriorate job-housing relationships, inefficiently increase travel demand, impose greater pressures on the public transport system and generate more greenhouse gas emissions [74] . Urban land use for cities, particularly located in the northern and western regions, is less efficient and urban sprawling is a widespread phenomenon in China [75] . As a result, public transportation development may increase urban carbon emissions through interaction with socio-economic factors. Hence, the constructed hypotheses for public transport are as follows:
Land usage area expansion increases urban carbon emissions.
H 8a : Urban public transport interacts with population and increases urban carbon emissions.
H 8b : Urban public transport interacts with urban GDP and increases urban carbon emissions.
H 8c : Urban public transport interacts with urban land usage area and increases carbon emissions.
The basic assumption of our paper is that HSR can induce more traffic and promote urban socio-economic development, which increases the overall demand for energy consumption and boosts carbon emissions in cities. Public transit systems such as bus and metro can substitute for automobile usage and thus contribute to the reduction of carbon emissions.
Augmented IPAT Model
Ehrlich and Holdren [76] developed the IPAT model to reflect the environmental impacts of factors including population, economy and technology.
where the IPAT acronym represents I for impact (on the environment) and P, A, and T are population, affluence and technology respectively. Dietz and Rosa in 1977 [14] extended the IPAT model and introduce a STIRPAT (Stochastic Impacts by Regression on Population, Affluence and Technology) framework:
where a1, a2 and a3 are estimated parameters, and e is a stochastic error term. Based on the IPAT and STIRPAT models, this paper explains urban carbon emissions and tests the impact of different transportation modes on these emissions, while controlling for population, GDP, and other economic factors. Since the impacts of transportation on urban carbon emission are our research focus, the other variables are city control variables. The estimated model is: ln(CO 2 it ) = α 1t + α 2t ln(P it ) + α 3t ln(A it ) + α 4t ln(T it ) + α 5t ln(CITY it ) + α 6t ln(TRANS it ) + e it , (3) where subscripts i and t denote to city and time, CO 2it carbon emission, P it population, A it economic factors, T it technology, CITY it city variables such as urban land scale, TRANS it transportation factors, and e it is a stochastic error term.
To evaluate the indirect effect of transportation factors with other socio-economic variables, we follow Wang and Wu [77] to test the impacts of interactions terms on carbon emissions. Thus, we augment (3) by adding interaction terms to test Equation (4):
The added item SCALE it tests transportation's interactions with urban population, GDP and land area on carbon emissions.
We examine the environment (CO 2 ), population (P), economy (A), city (CITY), and transportation (TRANS) variables and present these in Table 3 (see Appendix A Table A1 for abbreviations): For robustness, we also investigated several additional control variables TS (the value added of the tertiary industry over the secondary industry), TESE (the employment of the tertiary industry divided by the secondary industry), IMP (urban internal potential measured by total retail sales over secondary industry) and TECH (science and technology expenditure budget). IMP and TECH are highly correlated with GDP, and TS is correlated with MAN. While TESE is not highly correlated with the other exogenous variables, it is not significant at the 95% confidence level in any of the estimated specifications we examine. IMP, TECH and TS are sometimes significant, but inference for the transportation variables in the regression specifications remains unchanged. We also test inflation, but it is insignificant; all variables are real and the variation in carbon emissions is across the panel (see Figure 2A ,B), so it's unlikely that aggregate macro variables will have significant effects. Carbon emissions in Chinese cities are mainly generated by fossil fuel combustion and indirect carbon emissions from the consumption of electric power, largely produced by coal plants that discharge greenhouse gas into the environment [78] . Due to data availability of prefectural cities in China, indirect carbon emissions are beyond our research scope. Fossil fuels consist of natural gas (NG), artificial gas (AG) and liquefied petroleum gas (LPG). We follow the measurement formula developed by several Chinese scholars [79, 80] :
where NG it , AG it and LPG it are the total consumption tons of natural gas, artificial gas and liquefied petroleum gas respectively; k 1 , k 2 and k 3 are conversion coefficients of natural gas, artificial gas and liquefied petroleum gas into equivalent standard coal respectively, and m 1 , m 2 and m 3 are carbon emission coefficients for NG it , AG it and LPG it separately. Table 4 presents the data used to calculate carbon emissions for Equation (5) Accessibility measures transportation improvements. There are two ways of calculating it. The first is the more traditional method that represents the weighted average travel time of HSR:
where ACC 1it is the HSR accessibility for city i in year t, and T ijt is the travel time between city i and j in year t [81, 82] . ACC 1it only takes HSR's weighted travel time into the accessibility calculation, and hence is a narrower measurement of transportation improvement than the more recently developed ACC 2 , which includes minimum weighted travel time and expenditure of all transportation modes [83] . The weighted travel time and expenditure of transportation is a more generalized accessibility metric that captures the change of HSR, conventional railway and highway:
where gwt ijt is the generalized weighted accessibility between city i and j in year t, and k represents the transportation mode. F ijt,k is the travel expenditure measured by ticket price between city i and j in year t by transportation mode k. TV jt is the weighted time value developed by Shi and Zhou [84] :
where WH is the legal working hours for workers in China, WAGE is the city resident's average annual disposable income, r is the proportion of travel in working hours while δ is the ratio between time value for personal and work trips. The annual average working hours per work is 2000, and 0.5 and 0.4 are recommended for parameters r and δ [85, 86] .
Based on Equations (6)- (8), ACC 2it represents a more comprehensive accessibility measure for a city and is measured by including minimum weighted travel time and expenditure:
The China City Statistics Yearbook (2014) [87] reports 275 prefecture-level cities in total. After we removed cities with missing data, we had 194 cities with all data needed to test our econometric model. Figure 2A shows considerable variation across time and a modest upward trend. Most of the variation in carbon emissions is across cities, not across time. Figure 2B also displays substantial variation across cities and no upward trend. Our regressions demonstrate that GDP is a very significant determinant of overall carbon emissions; however, 2B illustrates that even after adjusting for GDP, other factors determine carbon emissions across cities. These factors are likely differing transportation modes, industrial structures and additional economic factors not captured directly by GDP. [85, 86] .
Empirical Research Results
Data Description
Based on Equations (6)- (8), represents a more comprehensive accessibility measure for a city and is measured by including minimum weighted travel time and expenditure:
The China City Statistics Yearbook (2014) [87] reports 275 prefecture-level cities in total. After we removed cities with missing data, we had 194 cities with all data needed to test our econometric model. Figure 2A shows considerable variation across time and a modest upward trend. Most of the variation in carbon emissions is across cities, not across time. Figure 2B also displays substantial variation across cities and no upward trend. Our regressions demonstrate that GDP is a very significant determinant of overall carbon emissions; however, 2B illustrates that even after adjusting for GDP, other factors determine carbon emissions across cities. These factors are likely differing transportation modes, industrial structures and additional economic factors not captured directly by GDP. Figure 2A , standarized carbon emission means that carbon emission quantity fo r every city is converted or normalized into a set [0,1], of which, the city with the maximum amount of carbon emission is measured as 1, and other cities will be calibrated by the proportion of its carbon emission to that of maximum one; (B) In Figure 2B , standarized carbon emission per GDP means that carbon emission quantity per GDP output for every city is converted or normalized into a set [0,1], of which, the city with the maximum amount of carbon emission per GDP is measured as 1, and other cities will be calibrated by the proportion of its carbon emission per GDP to that of the maximum one. Figure 2A , standarized carbon emission means that carbon emission quantity fo r every city is converted or normalized into a set [0,1], of which, the city with the maximum amount of carbon emission is measured as 1, and other cities will be calibrated by the proportion of its carbon emission to that of maximum one; (B) In Figure 2B , standarized carbon emission per GDP means that carbon emission quantity per GDP output for every city is converted or normalized into a set [0,1], of which, the city with the maximum amount of carbon emission per GDP is measured as 1, and other cities will be calibrated by the proportion of its carbon emission per GDP to that of the maximum one.
Empirical Research Results
Data Description
The correlation matrix in Table 5 shows a high correlation between ACC1 and ACC2, and thus we evaluate these variables separately in our econometric models. Both ACC1 and ACC2 are correlated with GDP, POP and Area as well as the four other transportation variables, BUS, Road, Rail and Subway (SUB). Little correlation between ACC variables and MAN (manufacturing). 
Empirical Research Results
We applied R and Eviews software to estimate the empirics. Table 6 presents the impact of transportation on total carbon emissions, carbon emission per GDP, and carbon emissions per capita. All variables are in logarithms and normalized. Robust standard errors are reported that accommodate for autocorrelation across periods. We also used white cross-sectional robust standard errors, and results are slightly stronger for most transportation variables; hence, we report the more conservative standard errors that allow for correlations across periods to mitigate serial correlation.
We used OLS due to the assumption of limited feedback between carbon emissions and transportation modes. The lack of simultaneity is particularly true for HSR, as these routes are planned years in advance and the connectivity is determined by city size, location and region; e.g., the authorities have connected all the major cities of China through a four-by-four grid. Government authorities also decide plans for roads, metro systems and number of buses and bus routes years in advance. Construction and implementation take years, implying there is limited feedback between carbon and these transportation modes. The volume of rail also is likely to be exogenous, as commerce, population and overall economic activity between cities primarily determine rail volume. Thus, there is unlikely to be endogeneity problems between transportation modes and carbon on an annual basis. The area variable is exogenous. This means the only variables with possible endogeneity with carbon emissions are population, GDP, and manufacturing. Annual feedback effects are likely small for these variables; e.g., higher carbon emissions may induce people to move away from a city, but population growth is likely to be dominated by demographics, economic opportunity and government decisions (Nonetheless, we employed a GMM framework that allowed endogeneity of population, GDP manufacturing by using lagged instruments of these variables, and results were very similar. A second GMM approach allowed endogeneity of buses and rail. GMM coefficients and standard errors generate little change in inference.).
Results highlight that increases in ACC1 and ACC2 significantly boost carbon emissions, carbon emissions per GDP and carbon emissions per capita. The positive effect likely implies that HSR induces positive traffic demand, economic and social activities in cities, while the substitution effect for civil aviation and cars are to a great extent offset [20, 90] . Further, the impact of carbon emissions is significantly greater for smaller (big) cities with less (more) than one million people. Inspection reveals that HSR's impact on carbon emissions is substantially greater than rail for all cities; however, rail's effect on carbon emissions is higher for bigger cities, while it is negative and significant for smaller cities. Buses have a large and positive effect on carbon emissions, and the carbon responses are robust across city size. Increases in roads reduce carbon emission across the country, and the effect is more negative for smaller cities. How important is transportation in contributing to carbon emissions?
A regression of our control variables on carbon per GDP on the national level has an adjusted R 2 of only 11%, while results in the fourth column with the transportation variables possess an adjusted R 2 of 29%. Thus, transportation modes substantially explain carbon emissions per GDP. Table 6 presents several relevant conclusions: (1) transportation including HSR, bus, and subways leads to higher total carbon emissions, per GDP and per capita for cities, both large and small. Rapid urbanization and industrialization in China imply public transportation induces greater traffic demand and economic activities in cities; this contributes to a positive relationship between HSR, buses and carbon emissions. As mentioned above, the availability of more bus lines may boost urban sprawl by encouraging people to move further away, leading to more carbon emissions. (2) Road expansion in cities reduces carbon emission per GDP and per capita; this likely implies that road network expansion in China may promote a more compact and concentrated urban development mode and raise urban economic productivity [91] . (3) HSR generates substantially smaller carbon emissions in bigger cities, while conventional rail can mitigate carbon emissions in smaller cities. One explanation is that conventional rail serves industries that enjoy agglomeration economies in a spatially clustered area through its passenger and freight station. (4) For city controls, rising GDP and larger urban areas generate more carbon emissions, while a rising population does not contribute to boosts in carbon. Increases in GDP lower carbon emissions per GDP, which implies that economic activity raises emissions but not one-for-one. If China initiates comprehensive policies to reduce carbon emissions [92] , cities will favor public transportation development in an attempt to develop pro-environment policies. Our results suggest that authorities prioritize rail over HSR, closely monitor subways and bus emissions, and favor electric buses. Table 7 documents that transport modes' impact on carbon emissions differ by regions. Both ACC1 and ACC2 are significant and positive in the eastern and central regions, but insignificant in the West. The regional disparity may be due to lower HSR benefit in the west; this region is poorer, distances are greater, the HSR tariffs are high and have a lower value of time [30] . Results show expansion of buses boosts emissions for all regions and is especially significant for Western cities. The impact of roads differs between regions and measurement of carbon emissions. Rail's impact on carbon emissions is considerably lower than HSR, and the effect varies by region. Subways boost carbon emissions, per GDP and per capita for all regions. Increases in GDP raise carbon emissions in the east and central regions, while larger area contributes to greater carbon emissions in the West.
The interaction between transport, land and human development has been the focus of several works in the literature; see for instance [11, 93] . However, the impact of transportation interactions with city controls on carbon emissions in Chinese cities is still largely unresolved. Table 8 demonstrates that transportatio'sn impact on carbon emissions has significant nonlinear effects. ACC1, ACC2 and roads have a positive quadratic impact on carbon emissions. In contrast, buses have a negative quadratic effect on carbon output. ACC1, roads and rail have significant interactions with GDP on carbon emissions; ACC2, roads and rail significantly interact with population to affect carbon emissions. Buses also interact with GDP and POP and impact carbon emissions per GDP or per capita. Furthermore, for conciseness, we present transportation's effect on carbon emissions with area interactions in Appendix A Table A2 .
Lastly, we investigated the effect of transportation growth on urban carbon emissions. Table 9 documents that the growth of ACC1 and ACC2 positively affect the growth of carbon emission, carbon per GDP and carbon per capita. These results contrast with rail, which has no impact on the growth rate of carbon emissions. Further, buses have no impact on the growth rate of emissions; these results contrast with our earlier results in levels. Notes: We report coefficient estimates and robust standard errors below in parentheses that adjust for serial correlation. The regression model reports ACC2 estimates and all other transportation and control variables due to collinearity between ACC2 and ACC1. A separate regression is then estimated with ACC1 (not ACC2) with all other transportation and control variables. We then report only the coefficient estimates for ACC1. Big (small) cities have populations greater (less) than one million. NAT are the results for the entire country (national results). There are 93 big cities and 101 small cities. ***, ** and * denote significance at 1%, 5% and 10% levels. Notes: See note of Table 6 for table descriptions. ***, ** and * denote significance at 1%, 5% and 10% levels. Notes: We used the same control variables as the earlier regressions (GDP, POP, MAN and AREA), but ido not report them for conciseness. We added interaction terms. The square column includes squared transport variables. The GDP column implies we multiplied GDP by the transportation variable to investigate an interaction relationship of transportation and GDP. The POP column added population times the transportation terms. ***, ** and * denote significance at 1%, 5% and 10% levels. Table 9 documents substantial interactions terms, and demonstrates the importance of understanding how rising transportation and economic activity have a synergistic influence on the growth of carbon emissions. ACC2 particularly has a large quadratic effect with estimates of 0.54, 0.70, and 0.62 on the growth of carbon emissions, carbon emissions per GDP and emissions per capita. The size and significance add further evidence of the synergetic/interaction effects of HSR on carbon emissions. ACC1 also has significant interaction effects on carbon emissions, though its effects are a little smaller. Roads have a significant quadratic effect on carbon emissions, though its sign depends on whether total emissions or emissions per GDP or capita. Further, if quadratic or interaction terms are included, buses and rail have significant positive effects on carbon emissions, although both effects are relatively small, particularly compared to HSR. Columns (7)- (9) in Table 9 further document interactions with area on the growth of carbon emissions.
The policy implication for reducing carbon emissions growth in Chinese cities is that conventional rail and public bus transit system are preferred to HSR and roads. Additionally, Appendix A Table A3 shows that HSR, bus, and rail boost the growth of carbon emissions, while road's impact is negative but insignificant. HSR, bus and rail interact with area and raise the growth of carbon emissions. Road, however, interacts with area and decreases the growth of carbon emissions. Overall, the evidence is persuasive; increases in HSR in levels and growth rates lead to significant increases in carbon emissions and growth in carbon emissions. Table 10 summarizes the paper's hypotheses and empirical results. Based on annual panel data of 194 prefecture-level cities from 2008 to 2013, this paper examines the relationship between HSR, urban transportation and China's urban carbon footprint. The paper develops a conceptual analytic framework to explain both direct and indirect effects of transportation on urban carbon emissions. We test an augmented IPAT model to evaluate the impacts of different transportation modes and its interactions with the geo-economic variables on China's urban carbon footprint.
Results and Discussion
Results demonstrate that HSR has a significant, positive effect on total carbon emissions, emissions per GDP and emissions per capita. This counter-intuitive result is likely attributable to HSR leading to increased travel and economic activity that boosts carbon emissions. Significant interaction terms confirm that HSR promotes urban population agglomeration and increases carbon emissions. Buses and subways further have a significant positive influence on urban carbon emissions. This counter-intuitive result may also be due to these modes likely inducing more demand during a period of rapid urbanization and industrialization in China. Promoting a city's public transit system can reduce car usage; however, by extending a city's public transit system, it can attract or induce more traffic demand. Therefore, the net impact of public transport on carbon emissions is positive. Results further highlight that roads sometimes contribute to carbon emission reductions. The reason behind this is that road development in cities, along with government policies encouraging public transport, makes it attractive for citizens to substitute away from cars to more environmentally friendly bus or metro systems, which, in turn, leads to overall energy consumption saving and carbon emission reduction. We further document that transportation modes explain 20% of carbon emissions per GDP. In future work, it would be interesting to extend the data several more years as the HSR network has become more extensive from 2014-2018, car purchases have grown and road expansion has continued.
Results highlight that HSR has substantially larger impacts on carbon emissions, carbon emissions per GDP and carbon emissions per capita than conventional rail. These results are particularly true in China's east and central regions and smaller cities. The impact of other transportation modes show differential effects on emissions that are a function of city size and region. Further, most transportation modes, particularly HSR, have large quadratic effects on carbon emissions; moreover, most transport modes significantly interact with GDP, population and land area to influence emissions. In terms of policy implications, the government plan to reduce city carbon emissions should consider many transportation factors, city size, region, and their relevant interactions on the urban environment. The impact of transport on carbon emissions via synergies and interactions with the economy implies the law of intended consequences applies. For instance, the government's promotion of HSR and bus routes have encouraged travel, economic activity and urban sprawl, leading to more carbon consumption. Rail development plans should consider environmental impact evaluation factors and prioritize conventional rail rather than HSR [94, 95] . The authorities should promote high-density development around rail and urban transit stations to enhance economic efficiency [96] , reduce the negative externalities of urban sprawl and limit a city's carbon footprint [97] .
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